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Select a projection direction that reflects the
model features and map the model on a plane
or a surface to generate the bas-relief. From the
geometric representation, this type of relief gen-
eration method can be regarded as a complicat-
ed surface that attaches 3D models to a flat or
curved background.
Recently proposed bas-relief generation tech-
niques have become more mature in terms of
algorithm adaptability and relief effect [1-4].
However, they do not consider the bas-relief lay-
out, which limits the aesthetic value of their re-
sults. The approach in this paper endeavor to
address this challenges. The fundamental con-
tributions of our research are as follows.
Arrangement layout. In photography, how
to arrange the elements of the picture is already
a relatively mature topic. However, they have
not applied the relevant principles to the relief
layout. We use the symmetry composition rule
to arrange the elements of relief.
Attributes of views. To highlight the design-
ers intent, we need to select the best projection
direction of the source model. The best view
selection involves computing the attributes of
views of the 3D mesh model. We propose an
approach to calculate the attributes of views by
directly manipulating the mesh triangles.
Bas-relief generation. When the source 3D
model is attached to the background, the source
model will be deformed and lose detail infor-
mation. Different from the previous algorithms,
we take this complex problem to a simple geo-
metric question. Surface parameterization is im-
plemented to attach the 3D model to the back-
ground with less deformation.
This paper is organized as follows. Section
2 recalls related works on rules of symmetry
composition, measuring view goodness and bas-
relief generation. Section 3 details the proposed
method. Section 4 conducts experiments and an-
alyze the results. Finally, we conclude in Sec-
tion 5.
2 Related Work
2.1 Rules of Symmetry Composition
Aesthetics has been a subject of long-standing
debates by philosophers and psychologists alike
[3]. Relief generation algorithms regularly face
the problem of how to compose relief in aesthet-
ically pleasing ways within the mapping range
of target object. In the field of art and pho-
tography, aesthetics refers to the study of prin-
ciples that underlie the appreciation of beauty
[4]. Advances in the technologies of comput-
er vision have enable us generate artwork more
in line with peoples aesthetics. The earliest ex-
plicit theory of aesthetics can be found in the
writings of Plato [4], who discussed the way in
which the parts fitted together, especially their
order and structure, which resulted the composi-
tion of a speech. Many important characteristics
emerged from this principle. First and foremost,
small alterations to an entity that is viewed in
aesthetic terms, can make very large differences
to the aesthetic experience, to the beauty of the
entity [5].
Two concepts in the modern literature bear
special mention because of their general impor-
tance and specific relevance to the research re-
ported on spatial composition: balance and flu-
ency. Balance is one of the most often discussed
principles of spatial composition in art [6].
Alexander [6] regarded balance as one of the
bases of the aesthetic concept. In his theory, cen-
ters are the building blocks of wholeness, and he
gave examples to prove the point of view. Gard-
ner [5] performed a user-based research to con-
firm that people tended to prefer a picture which
the objects were positioned along a horizontal
axis. The results of their experiments affirm the
power of the center and facing direction in the
aesthetic biases viewers bring to their appreci-
ation of framed works of visual art [6]. Brach-
mann and Redies [7] conducted two experiments
to investigate the effects of symmetry and bal-
ance on the aesthetic appeal of text-overlaid im-
ages. And the results showed that subjects are
adept at judging radial symmetry about the cen-
ter point of an image.
2.2 Measuring View Goodness
Observing 3D models from different views re-
flects different shapes, and reveals different in-
formation. For some views people have strong
lateralization and orientation bias [8]. How to
measure the preference of these views plays a
pivotal role in 3D shape analysis. An important
aspect of a geometric shape is its saliency, which
are the features that are more pronounced or sig-
nificant especially when comparing regions of
the shape relative to their neighbors [9].
Palmer [10] introdeced the concept of canon-
ical views. Based on their works, Tao et al. [11]
presented two structure aware view descriptors
to select the optimal viewpoint with the maxi-
mum amount of the structural information. In-
spired by Shannons information theory, Lee et
al. [12] introduced the notion of 3D mesh salien-
cy and called it mesh saliency. The ideas of sil-
houette stability, object symmetries and shape
curvature had also been explored in previous
work. Secord et al. [13] combined attributes
that measures the attributes of views based on
human preference data. Moreover, their work
contributed a set of simple recommended mea-
sures for practical applications. We use Secord
et al’ [13] method to select the best view of our
source models.
2.3 Bas-relief Generation based on 3D
Model
Generation of digital bas-relief based on 3D
mesh model was first proposed by Cignoni et al.
[14]. They applied a forthright linear compres-
sion of the height field to generate bas-relief.
However, their method results in a serious loss
of the salient shape features of the model. Re-
cently, considerable attention has been paid to
preserving visually important details [2].
Song et al. [15] used high dynamic range im-
age compression technology in 3D to emphasize
the details. Sun et al. [16] generated digital re-
liefs by directly processing the height fields of
the 3D model, and used histogram equalization
to preserve model detail. Liu et al. [17] estab-
lished a relationship between the source relief
and the target area, and designed an algorith-
m based on normal vector adjustment for relief
wrapping on the new base with less distortion.
Wang et al. [18] combined the outline of 3D
model, render graph and depth map to generate
relief. In their next work [19], they proposed
a method to generate reliefs using saliency in-
formation, and adopted a Poisson equations to
boosting of details. Li et al. [20] used the bilat-
eral filter technique and the differential property
of Fourier transform to generate relief with pre-
served detail. The calculation process is com-
pleted in the Fourier transform domain. Wang et
al. [21] used 3D unsharp masking to enhance the
visual features in the 3D mesh, and employed
a nonlinear variable scaling scheme to gener-
ate the final bas-reliefs. The effectiveness of
method has been verified by 3D models print-
ers. The above methods put particular empha-
sis on detail preservation and compression ratio.
Mousa et al. [22] presented spherical harmonic-
s decomposition for spherical functions defining
3D triangulated objects, which applicable for lo-
cal surface smoothing and interactive geomet-
ric texture transfer. Zhou et al. [23] developed
an interactive modeling system for complex ge-
ometric detail transformation based on an em-
pirical model decomposition of multi-scale 3D
shapes. Their method preserved target details
into the overall shape of target model, while the
source model details can also be interfered by
target model. Zhang et al. [24] reconstructed
an input object as a continuous relief depth map,
and used mesh intersection to paste the relief on
the goal object. In contrast to their method, we
do not require the model to be converted into
depth maps, and the processes are more concise.
3 Our Methods
We propose a bas-relief synthesis technique that
is significantly different from the previous meth-
ods. In our method, we define the surface which
the relief attached on as the target object, and
assign the mapping range on the target objec-
t and automatically arrange the source model.
Then, we compute the attributes of views to s-
elect the best view of the source model through
linear models of goodness. After that, we use
the spatial weight matrix and Laplace operator
to enhance details of the model, and use the
nonlinear compression to compress the extent of
height field, which allows meanwhile suppress-
ing large amplitude regions and enhancing the s-
mall amplitude regions. This optimized method
of detail preservation increases vividness of the
bas-relief. Finally, we adopt surface parameter-
ization to paste the source model onto the target
surface. Curved surface bas-relief is therefore
generated. Figure 1 illustrates the procedure of
our bas-relief generation method.
Figure 1: Illustration of our bas-relief generation method.
3.1 Relief Layout Based on Symmetry
Composition Rules
Our work starts from specifying the mapping
range on the target object as the range of relief
layout. Then we compute the barycenter of the
source model by corresponding it with the center
of the mapping range to automatically arrange
the source model.
The formula for calculating the models
barycenter coordinates is defined by
mI =
N∑
i
vi ∗
∑m
j Sj
m
/
N , (1)
where vi denotes the vertex coordinates of the i-
th vertex in the 3D source model, m is the num-
ber of adjacent mesh triangles of vi, j is the j-th
adjacent mesh triangle of vi, Sj is the sum area
of adjacent mesh triangles of vi, N is the num-
ber of vertices in the 3D model.
We move the source model to the center of the
range mapping by using the following equations
v(x)1 = v(x)1 +
(
v(x)Bmin +
1
2
∗(
v(x)Bmax − v(x)
B
min
)
−mI1(x)
)
,
v(y)1 = v(y)1 +
(
v(y)Bmin +
1
2
∗(
v(y)Bmax − v(y)
B
min
)
−mI1(y)
)
,
(2)
where v(x)1 and v(y)1 denote the x-axis and y-
axis coordinates, respectively, of the 3D mod-
Figure 2: The barycenter of different carriers.
el, v(x)Bmax and v(x)
B
min denote the maximum
and minimum coordinates, respectively, of the
mapping area in the x-axis direction, v(y)Bmax
and v(y)Bmin denote the maximum and minimum
coordinates, respectively, of the mapping area
in the y-axis direction. Further, mI1(x) and
mI1(y) are the x-axis and y-axis coordinates,
respectively, of barycenter of the model. Fig-
ure 2 shows the target objects, and the intersec-
tion of the blue lines represents the center of the
mapping ranges.
3.2 Best Viewpoint Selection
To select the best view of the 3D model, the gen-
eral way is to use discrete sampling from the
view sphere as viewpoints. Secord et al. [13]
described a set of view-dependent attributes and
evaluated the relative contributions of the differ-
ent attributes by presenting a large user study
and fitting models of viewpoint preference. We
present a method to calculate the attributes of
Figure 3: (a) Original object (b) source mesh.
views of 3D mesh model and calculate the visu-
al saliency of the source model referencing [13].
3.2.1 Attributes of Views
This method can directly acquire the projec-
tion area and projection contour length without
transforming to depth buffer.
First, when we observe a model from a view-
point direction, some mesh triangles are invisi-
ble. Since in the pre-processing step, we recon-
struct the source model to remove the useless
invisible and blocked mesh triangles. Figure 3
shows the original and the resulting meshes.
Next, we calculate the longest edge length R
of all mesh triangles, and eliminate the height in-
formation of the vertices, that is, convert a 2.5D
model to a planar point set, which recorded as
S. While we build the Delaunay triangulation of
the point set Sd. The result of this step is shown
in Figure 4(a).
At last, we compute the length of the trian-
gle edges of Sd, and the number of the adjacent
triangles of each edge. We define the edge adja-
cent to two triangles as the inner edge, the edge
adjacent to one triangle as the boundary, and the
edge without an adjacent triangle as the edges
degenerated in the calculation process. Fur-
thermore, we construct the concave hull of the
points set. The example of the concave hull is
shown in Figure 4(b).
The area of the concave hull is the projected
area of the 3D model at this view, which equal-
s to the summed area of the triangle of concave
hull. Moreover, the edge length of the boundary
edges of the concave hull is the projected con-
tour of the model.
(a) (b)
Figure 4: Delaunay triangulation (a) and its cor-
responding concave hull (b).
3.2.2 Modeling Viewpoint Preferences
The natural extension to the single-attribute
models are the linear-K models, which combine
K attributes to form a goodness value. We have
implemented two linear-K models to select the
best view of the 3D models. The general ex-
pression for the linear-K model is defined by
G(v) =
∑
j∈S
wjaj , (3)
where v is the viewpoint, S is the set of in-
dices of attributes used in the particular model
(|S| = K). At the same viewpoint, for different
mathematical models, the score of the viewpoint
can be obtained according to the corresponding
weight value wj and known attributes aj of the
views; thus, the best view of the 3D model can
be acquired. The weights of viewpoint attributes
for different models of viewpoint goodness are
shown in Table 1.
Table 1: Weights of viewpoint attributes for
models of viewpoint saliency recom-
mended in [13]
a1 a2 a4 a7 a12 a13
Single 23
Linear-3 18 0.51 2.8
Linear-5 14 14 0.46 2.5 2.7
Linear-5b 15 2.6 0.42 13 670
In Table 1, a1 is the projected area of the mod-
el in the image plane as a fraction of the overall
image area, a2 defines the surface visibility as
the ratio of visible surface area in a particular
view to the total surface area of the object, a4 is
the silhouette length, which is the overall length
R of the objects silhouettes in the image plane,
(a) (b) (c)
Figure 5: The best view selection results of the
bunny.
a7 is the max depth of 3D model at that view-
point, a12 favors views with a smooth falloff to-
wards the poles, and a13 measures how well the
eyes of a model can be seen. We have imple-
mented two models, the Linear-5 and Linear-5b
models. The two models are calculated as fol-
lows:
G1(v) = 14 ∗ a1 + 14 ∗ a2 + 0.46 ∗ a4
+2.5 ∗ a7 + 2.7 ∗ a12,
G2(v) = 13 ∗ a1 + 15 ∗ a2 + 0.42 ∗ a4
+2.6 ∗ a12 + 670 ∗ a13,
(4)
where G1(v) and G2(v) are the viewpoint rating
criteria of the Linear-5 and Linear-5b models re-
spectively.
We chose different rating criteria for different
types of model as [13] suggests. For example,
the model with eyes is scored using the Linear-
5b model. To demonstrate the best viewpoint of
the rabbit model, Figure 5(a) shows the default
view of the rabbit model, and Figures 5(b) and
5(c) respectively show the best view selection
results of the Linear-5 and the Linear-5b model.
It can be seen that the result of Linear-5b is more
conform to peoples observation habits.
Figure 6 shows the best view results of vari-
ous 3D models selected by the linear models of
goodness. The first column of Figure 6 is the
default view of model and the second column is
the best view.
(a) (b)
Figure 6: The best view selection results of Mul-
tiple models.
3.3 Bas-relief Generation Algorithm
3.3.1 Detail Enhancement
For a bas-relief expression, the visual perception
is enhanced through the subtle rises and falls im-
plied by the detail of the 3D models. To obtain
bas-relief with obvious features, we enhance the
details of the model through the Laplace opera-
tor and the spatial weight.
Spatial Weight. The spatial weight is the ma-
trix of the weight ratio between the vertex of
the model and the adjacent elements. The criti-
cal boundary variables have two expression val-
ues, 0 and 1, and if two variables are neighbors,
the corresponding expression value is 1 and vice
versa [25]. Moreover, we introduce an overall
measure to calculate the interaction of two spa-
tial variables, namely, using spatial weight ma-
trix W , which is defined by
Wij = [dij ]
−T ∗ [µij ]
b , (5)
where dij is the distance between elements i
and j, µij is the ratio of the border shared
by elements i and j to the total border of el-
ement i. This process is performed by com-
pute mesh weight(V, F ) in the toolbox graph
Toolkit[26].
In this function, V represents the vertices co-
ordinate information of the 3D model and is s-
tored in the form of a matrix. F represents the
mesh triangles of the 3D model. We can obtain
the spatial weight matrix of the 3D model by this
function.
Laplace operator. In mathematics, the
Laplace operator is a differential operator given
by the divergence of the gradient of a function
in Euclidean space. As the Laplace operator is
widely used in image sharpening, using the dis-
crete Laplace operator to extract the detail infor-
mation from the 3D model is feasible. Laplace
operator L can be defined by
L = speye(n)−diag
(
sum (W, 2)−1
)
W, (6)
where W is the spatial weight matrix of the
model, n is the row of the W .
We use the spatial weight matrix to perform
the smooth process. This process is calculated
by the following equations:
V2 =
(
W ∗
(
W ∗ V T
)T)
, (7)
V =


x1 y1 z1
x2 y2 z2
...
...
...
xn yn zn

 , (8)
where V2 is the low-frequency domain portion
of the 3D model, that is, the smooth model. W is
the spatial weight matrix, V is the vertex matrix
of the 3D model, and xi, yi, and zi respectively
represent the x, y, and z coordinates of the i-
th vertex, and V T is the transposed matrix of
V . Further, we use the weight matrix to achieve
detail enhancement by
V3 =
(
L ∗
(
L ∗
(
L ∗ V T
))T)
+ V, (9)
where L is the Laplacian matrix of the mesh
model, and V3 is the high-frequency domain of
the 3D model, namely, the mesh model that the
detail after detail enhancement.
3.3.2 Nonlinear Compression
Linear compression leads to serious details loss
[27]. Directly using the hyperbolic tangent func-
tion to compress the height gradient can obtain
satisfactory convergence results, but the result
lack fidelity at both ends of the gradient field.
Hence, we propose a new compression function
that satisfies all the conditions that a gradien-
t compression function should meet according
to Zhou et al. [23]. In our approach, we com-
press the extent of the height field by combining
linear and the nonlinear functions, which can s-
cale the 3D mesh model efficiently. In this case,
the compressed height gradient field of model z
can be obtain by
z = za + zb, (10)
where za is the linear compression height field
and zb is the nonlinear compression height field.
Further,
z = µ ∗ V2 + tanh (w ∗ V3) , (11)
where µ ∗ V2 is the linearly compression
part, µ is the linear compression coefficient,
tanh (w ∗ V3) is the nonlinear compression of
hyperbolic tangent function, w is the nonlin-
ear compression coefficient. Figures 7(a)-(d)
are the source model, linear-compressed mesh,
hyperbolic-tangent compressed mesh, and our
function-compressed mesh respectively. These
figures show that the compressed mesh obtained
by our method retains more detail information
than those of two methods. For a more intu-
itive demonstration our method effectivity, we
color the gradient field according to the curva-
ture and show it in Figures 7(e)-(h). In these
figures, the red represents the sharply deforma-
tions and green represents the subtle deforma-
tions. The colors closer to Figure 7(e) are more
similar to the original shapes, which means the
compression method achieves a better result. As
we can see from the legs part in Figure 7(h), our
compression method retains more details than
the other two functions.
Table 2 compares the curvature of differen-
t compression methods. According to every e-
valuation criterion of curvature, the compressed
curvature results generated by our method are
minimally disparity from the original model.
3.3.3 Surface Parameterization
In this paper, we regard the relief model as one
of surfaces that the 2.5D source model attaches
(a) (b) (c) (d)
(e) (f) (g) (h)
Figure 7: Height field and curvature of the mesh.
Table 2: Different compression methods on the curvature.
Name Original Model Linear compression Hyperbolic tangent compression Our method
Clip Min -16.7694 -20.2304 -12.4172 -19.0953
Clip Max 18.5682 22.4491 13.0746 21.2611
Average 0.8994 1.1094 0.3287 1.0829
Varience 5.8896 7.1132 4.2486 6.7261
to a target surface. The mesh triangles of the
source model are denotes as BR and the mesh
triangles of the mapping range are denoted as
BT .
First, we remove the height information of
BR and BT , which are respectively denoted as
PR and P T . In this case, the vertices’ informa-
tion sets are recorded as SR and ST , which are
SR = {vRi |i = 1, ..., n1} and S
T = {vTi |i =
1, ..., n2}, respectively. Figure 8 illustrates this
process.
Next, we compute the Euclidean distance
between vRi and each vertex v
T
i and record the
vertex vTj with the minimum Euclidean distance,
establishing the mapping relationship between
vRi and v
T
j . We create the mapping set as S1 =
{(vRi , v
T
j )|min(normi=i0(v
R
i0
, vTj )), v
R
i0
∈
SR, vTj ∈ S
T }. Figure 9 illustrates this process.
Figure 8: Surface parameterized initialization
diagram.
Then, we calculate the mesh triangle of
vertex vRi that intersects with the adjacent mesh
triangles in BT of the corresponding vertex
vTj in S1, compute the intersection coordi-
nates, which are denoted as vTPj . We record
the mapping set S2 = {(v
R
i , v
TP
j )|z
TP
i =
a ∗ xTj + b ∗ y
T
j + c ∗ z
T
j − a ∗ x
R
i − b ∗ y
R
i /c}.
Figure 10 illustrates this process.
Finally, we add the height information to S2,
and reconstruct a 3D model to paste the source
model to the target surface.
Figure 9: Surface parameterized initialization
diagram.
Figure 10: Surface parameterized initialization
diagram.
4 Experimental Results and
Analysis
To demonstrate the effectiveness of our method,
we used six models as input, and mapped the
bas-reliefs onto three different target objects.
All the experiments were implemented on a PC
that has an Inter Core i7-3770 CPU and 8.0GB
of RAM using MATLAB 2016a. As shown in
Figure 11, the input mesh model has been de-
formed into the desired form that is attaches to
the target objects. The proposed method is ap-
plicable to both convex and concave surface in
bas-relief generation.
Due to the nature of parametric surfaces, the
results of gradient-based mesh deformation will
inevitably depend on the mesh triangle shape of
the target object. However, the deformation dis-
tortion is still under control because the mesh
structure conditions have been used to restrict it.
As shown in Figure 11, the results in third row
have a smoother appearance than the results in
the first row, which is attributed to the fact that
the third target object has more meshes and the
mesh structure is more regular.
In Figure 12, we compare the final results
generated from our method and the method in
[17]. The comparison shows that, because we
enhance the detail, the proposed method retain-
s higher features to create the bas-relief effect.
With respect to the process of generation, our
method is simpler and does not need subsequen-
t steps such as mesh fusion. Additionally, we
attach the relief to a more pragmatic target that
provides abundant artistic connotations.
(a) The relief effect generated by the method of
(b) The bas-relief effect generated by
our method
Figure 12: Comparison of relief generation
effect.
We also compare the relief generation result-
s of our method and those of [20], which uses
hyperbolic tangent compression. As shown in
Figure 13, our relief has a clearer silhouette ben-
efit from our compression function. The layout
of the relief is generated automatically without
manual adjustment as well.
(a) The relief effect generated by the method of [25]
(b) The bas-relief effect generated by our method
Figure 13: Comparison of relief generation
effect.
Figure 11: Our experiment results.
5 Conclusions and Future Work
In this paper, we introduced a new approach to
bas-relief generation and proposed the incorpo-
ration of photographic composition principles.
Moreover, we added visual saliency to select the
best view without user interactions.
Compared with the existing algorithms, our
method operates directly on the mesh triangle,
which ensures that the mesh topology remain-
s unchanged during geometric processing. The
compression function combines linear and non-
linear compression, which enables the bas-relief
to reserve more features. Owing to our simple
but effective surface parameterization process,
the bas-relief is represented in a more flexible
manner, which enables us to expand the appli-
cation scope. By experimenting on a variety of
models, the proposed method is able to effec-
tively generate plausible and impressive relief
models with layout.
However, there are some limitations of our
proposed method, it is only suitable for arrang-
ing one model to generate a relief, without con-
sidering the influence of the curvature of the tar-
get surface on the users cognition. In addition,
the generated bas-relief does not have sufficient
narrative ability and does not adequately exploit
the composition and content of classic painting
and photographic works. In the future, we ex-
pect to achieve more progress in these aspects.
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